The Coming Revolutions in Particle Physics
Chris Quigg

Fermi National Accelerator Laboratory
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A Decade of Discovery Past

Electroweak theory — law of nature
Higgs-boson influence observed in the vacuum

Neutrino flavor oscillations: v, — v;, Ve — v, /v,

Understandmg QCD
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A Decade of Discovery Past

> Electroweak theory — law of nature
> Higgs-boson influence observed in the vacuum

> Neutrino flavor oscillations: v, — v;, Ve — v, /v,

> Understanding QCD
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A Decade of Discovery Past

> Electroweak theory — law of nature [Z, eTe™, pp, VN, (g —2),, ...
> Higgs-boson influence observed in the vacuum [EW experiments]

> Neutrino flavor oscillations: v, — v;, ve — v, /Vr [V, Vatm]

> Understanding QCD [heavy flavor, Z°, pp, VN, ep, lattice]

i = ; E o A : : e S A v o s It 1 e T T P 3
S A e e T e WS ek ey b SRR Ty T A e R e s Ty o TE ml Bl T R e

ﬂ'- .r'-' i e '.-"'_-1-'. n .1:-, It m ‘h L. - g 5 e S - i,:.l o : g l.rl_*lr L. '_._. _'-ﬁ-:i‘f.}l'h. A T pRar _|I " i.:":_. whebe o o e S h nqlﬂ ._,h. ..;;,rq'r;_llu ) l'
- N +, 5 = i -~ 1S " - bt - o - o~ L il S 4

3 3 g " ] T LI 1
. % RS =y A L WL
i i e et (" OO\N/Er\v/ O1 100 () -:-'A.fd- 8928) 13)] | s R ;.__., e T LA T B R e
; = s e = ~ h J& - E 4 : E N = il



Our Picture of Matter (the revolution just past)

Pointlike (r < 107 '® m) and

Interactions: SU(3). ® SU(2). ® U(1)y gauge symmetries
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The World's Most Powerful Microscopes

nanonanophysics

Fermilab's Tevatron Collider & Detectors

900-GeV protons: ¢ — 586 km/h
980-GeV protons: ¢ — 495 km /h
Improvement 91 km/hI
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Gauge symmetry (group-theory structure) tested in
ete” — WTW~™




Gauge symmetry (group-theory structure) tested in
ete” — WTW~™

17/02/2005

LEP

PRELIMINARY

YFSWW/RacoonWW
_...no ZWW vertex (Gentle)
only v, exchange (Gentle)




Gauge symmetry (group-theory structure) tested in
ete” — WTW~™




> Conditional upper bound on My from Unitarity in EW theory
Compute amplitudes M for gauge boson scattering at high energies,
make a partial-wave decomposition

./\/l(s t —= 16#2 2J+ 1)a,J( )PJ(COSH)
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> |f the bound is respected

* weak interactions remain weak at all energies

*x perturbation theory is everywhere reliable

> |f the bound is violated

% perturbation theory breaks down

e ..- . £, H become strong

% weak interactions among W}
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Measurement Fit

91.1875 £ 0.0021 91.1874
2.4952 + 0.0023 2.4959
41.540 = 0.037 41.478
20.767 = 0.025 20.742

0.01714 = 0.00095 0.01643

0.21629 + 0.00066 0.21579

0.1721 £+ 0.0030 0.1723

0.0992 = 0.0016  0.1038

0.0707 £ 0.0035 0.0742

0.923 + 0.020 0.935

0.670 = 0.027 0.668

A(SLD) 0.1513 = 0.0021  0.1480
m,, [GeV]  80.410 + 0.032
I, [GeV] 2.123 = 0.067

m, [GeV] 172.7 + 2.9

LEP EWWG

meas fit meas
O™ _0" /™"




. and determine unknown parameters

24946 = 2.7 MeV
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. and determine unknown parameters

}{ oy ;i{“

LEP : 24952 + 2.3

common error : 1.2

10 35
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M, [GeV]
)
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ag =0.118+0.003
linearly added to
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M, = 172.7:2.9 GeV

10

2.483 ' 2.495 ' 2.507
I, [GeV]

0 - gt 8V NIRRT < i T N SN T e R e
1989 1991 1993 1995 1997 1999 2001
Year

2003 2005 2007




Revolution:

Understanding the Everyday
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If electroweak symmetry were not hidden . ..

> Quarks and leptons would remain massless
> QCD would confine them into color-singlet hadrons
> Nucleon mass would be little changed,

> QCD breaks EW symmetry, gives (1/2500 x observed)
masses to W, Z, so weak—lsospln force doesn t confine
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Searching for the mechanism of electoweak
symmetry breaking, we seek to understand

why the world IS t_he way It IS
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The agent of electroweak symmetry breaking
represents a novel fundamental interaction
at an energy of a few hundred GeV ...

We do not know the nature of the new force.
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The agent of electroweak symmetry breaking
represents a novel fundamental interaction
at an energy of a few hundred GeV ...

We do not know the nature of the new force.
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What is the nature of the mysterious new
force that hides electroweak symmetry?

X A force of a new character, based on
interactions of an elementary scalar
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Essential step toward understanding the new force
that shapes our world:

Find the Higgs boson and explore its properties.

X s it there? How many?
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Collider Run Il Integrated Luminosity
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Panumkbrd

aynthetic Sprirng
Neptune %
Big Technology %
I'm With You i
Cooled

Faith (Yoursalf)

Travel

Ferpetudl Symmetry

HIGOS
BOSOMN

Froduced By
areth Young
and Higgs Boson

B 1995 Higgs Boson
& 1295 Higgs Bosen

Cistributed By Brio husic
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Revolution:

The Meaning of ldentity

VVarieties of matter




Parameters of the Standard Model

coupling parameters ., Qem, Sin® Oy

parameters of the Higgs potential
vacuum phase (QCD)
quark masses
quark mixing angles
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Many extensions to EVV theory
entail dark matter candidates

Supersymmetry is highly developed, has several
important consequences:

E

Predicts that Higgs field condenses,
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Revolution:

The Meaning of Identity

=

‘What makes




Revolution:

The Unity of Quarks & Leptons

> What do quarks and leptons have in common?

i Why are atoms SO remarkably neutral7
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Natural to neglect gravity in particle physics

h
Cinfanion ssmall s Mo e ( < ) ~ 1.22 x 10'? GeV large
GNewton




But gravity is not always negligible ...

Higgs potential V(¢'p) = °(¢'0) + |Al(¢'¢)

At the minimum,
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Observed vacuum energy density gyac < 107° GeV*

~10 MeV/¢ or 107% gem™
But My > 114 GeV =

OH Z 108 _GeV4_
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recasts old problem, gives us properties to measure



How to separate EVV, higher scales?

Traditional: change electroweak theory to understand
why M, electroweak scale € Mpianck

To resolve hierarchy problem: extend standard model
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Revolution:

A New Conception of Spacetime

> Could there be more space dlmen5|ons
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Suppose at scale R ... gravity propagates in 4+n dimensions

Gauss law: Gy ~ M™"2 R M™ : gravity’s true scale
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Gravity follows Newtonian force law down to < | mm

VA / dry / dry INewtonP(11)p(12) 1+ eq exp(—r1a/Aa)]
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Might extra dimensions explain
the range of fermion masses!?

fermions ride separate tracks in 5% dimension
small offsets in x5 = exponential mass ratios



(brovided gravity is intrinsically strong)

* Graviton emission (Emissing Signatures) or
graviton exchange (angular distributions)

* Resonances spaced at TeV intervals

X If extra dimensions are |/TeV-scale, tiny
black holes: collider hedgehogs, spectacular
cosmic-ray showers

Reminders that we haven’t seen
(or imagined) everything yet



A Decade of Discovery Ahead

> Higgs search and study; EWSB / 1-TeV scale
> CP violation (B); Rare decays (K, D, ...)

> Neutrino oscillations

| D Top as a tool
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A Decade of Discovery Ahead

> Higgs search and study; EWSB / 1-TeV scale [pTp colliders; eTe™ LC]
> CP violation (B); Rare decays (K, D, ...) [eTe™, pTp, fixed-target]

> Neutrino oscillations [vg, Vatm, reactors, v beams]

> Top as a tool [p*p colliders; ete™






